Introduction
Diminished energy metabolism and enhanced oxidative stress [excess of reactive oxygen species (ROS) to antioxidants] are consistent features of Alzheimer's disease (AD) [1, 2, 3, 4, 5] Recent studies on brains of patients that died with AD indicate a selective modification of the mitochondrial tricarboxylic acid (TCA) cycle, a major pathway of the oxidative metabolism. The TCA cycle consists of eight enzymes including the α-ketoglutarate dehydrogenase complex (KGDHC, EC 1.2.4.2, EC 2.3.1.61, EC 1.6.4.3) and malate dehydrogenase (MDH, EC 1.1.1.37).
The activity of KGDHC declines in AD [6, 7, 8, 9, 10, 11, 12] , while MDH activity is elevated [13] .
The mechanism of the diverse response of the TCA cycle enzyme in AD is unknown. Our previous studies suggest that oxidants can mimic the diverse changes that accompany AD. For example, hydrogen peroxide (H 2 O 2 ) mimics the increase in endoplasmic reticulum calcium stores and the decline in the activity of KGDHC [14] .
KGDHC consists of three subunits [α-ketoglutarate dehydrogenase (E1k), dihydrolipoyl succinyltransferase (E2k) and dihydrolipoyl dehydrogenase (E3)] and is a key and arguably ratelimiting enzyme in the TCA cycle [10] . Multiple copies of E1k (12 dimers) and E3 (6 dimers) are arranged along the edges and faces, respectively, of an octahedral E2k core (24 subunits) to form a multienzyme complex with a molecular weight of around 5x10 6 dalton [15] . Diminished KGDHC activity occurs in both normal and pathologically involved brain areas of patients with a number of neurodegenerative diseases including AD, Parkinson's disease (PD), progressive supranuclear palsy and Wernicke-Korsakoff syndrome [6, 10, 11, 12, 16, 17, 18, 19, 20, 21] . In AD patients the reduction in the activity of KGDHC is highly correlated to a clinical dementia rating (CDR) [13] . These results suggest that KGDHC may play a central role in the pathophysiology of the diseases. KGDHC is sensitive to a wide range of oxidants whether the oxidants are added
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4 to the purified enzyme or cell system [22, 23, 24] , or generated internally in cells or mice [25, 26, 27] . H 2 O 2 reduces KGDHC activity in fibroblasts, intact cardiac mitochondria, synaptosomes and N2a cells [22, 23, 28, 29] . These results suggest that oxidative stress is one plausible link between diminished KGDHC activity and neurodegenerative diseases.
MDH, the final enzyme in the TCA cycle, catalyzes the interconversion of L-malate and oxaloacetate using nicotinamide adenine dinucleotide (NAD) as a cofactor (L-malate + NAD + oxaloacetate + NADH + H + ) [30] . Mammalian cells contain two isozymes of MDH:
mitochondrial (m-MDH) and soluble or cytoplasmic (c-MDH). The two isozymes consist of two very similar subunits of about 35,000 daltons with similar enzymatic activity but appear to be different proteins [31] . Elevated MDH activity occurs under a number of conditions. For example, mice on a caloric restricted diet show increased MDH activity compared to mice on a normal diet [32] . Total MDH activity is also higher in autopsy brains from AD patients compared with brains from normal individuals [13] . However, the regulation of MDH and its relation to diminished KGDHC activity in the disease are unknown.
Glutathione, a tripeptide composed of L-glutamate, L-cysteine and glycine, is considered to be the most important endogenous intracellular antioxidant in mammalian cells [33, 34] .
Reduced (GSH) and oxidized (GSSG) forms of glutathione are interconvertible by the action of two enzymes, GSH peroxidase and GSSG reductase [35, 36] . Altered glutathione metabolism has been observed in multiple neurodegenerative diseases [37, 38, 39] . For example, GSH declines by 40% in substantia nigra of PD patients [38] . Whether glutathione level is significantly reduced in AD remains unclear as many studies are contradictory at various levels. For example, the total brain levels of GSH appeared to be unaffected in AD [40, 41] , while GSH peroxidase (GSH-Px)
and GSH reductase (GSH-R) are elevated in different brain regions [42] . Serum GSH-Px activity
is either decreased [43, 44] or increased in AD [45] . Another study [37] Glutathionylation of KGDHC is one possible mechanism underlying its inactivation by oxidative stress [47] . In addition to existence of multiple cysteine residues in the three subunits, a unique feature of KGDHC is that the E2k subunit has a bound lipoic acid that is cycled between thiol and disulfide forms during the catalysis. In non-genetic forms of AD, the immunoreactivity of E2k is significantly reduced by 23-41% in the temporal cortex, while no changes in the E2k protein levels occur in the parietal cortex and hippocampus [48] . The E2k protein level is also diminished by 76% in brains of the APP670/671 (Swedish mutation) family [49] . Our previous study demonstrates that the response of cells to H 2 O 2 is modulated by the E2k and is independent of changes in activity of the complex [50] . Thus, the E2k subunit of KGDHC may have other novel functions in modulating oxidative stress-induced changes in the activities of the TCA cycle enzymes in AD.
Two HEK293 lines expressing E2k antisense RNA, in which E2k protein contents were reduced to 46% (E2k-46) and 23% (E2k-23) of a sense control line (E2k-100), were developed in our previous study [50] . The studies reveal that E2k modifies ROS production and cell death in A C C E P T E D M A N U S C R I P T 
Experimental procedures

Cell cultures and treatments
The E2k-46 and E2k-23 cell lines with half and three-quarters diminished E2k protein along with the control line (E2k-100) were generated previously [50] . "100", "46" and "23"
represent the protein level of the E2k in the E2k-100, E2k-46 and E2k-23 line, respectively [50] .
They were grown in Dulbecco's Modified Eagle Medium (DMEM) (high glucose) supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin (50 units/ml), streptomycin (50 μg/ml) and hygromycin (100 μg/ml), and incubated at 37°C in a humidified atmosphere of 5% CO 2 in air.
Cells grown in 100-mm cell culture dishes (~ 90% confluent) were trypsinized, counted and seeded into six 6-well plates per cell line at a density of 5x10 4 at 4°C. The supernatants were discarded and cell pellets were washed once with PBS buffer and kept on ice or stored at -80°C for further use.
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KGDHC activity assay
KGDHC catalyzes the following reaction: α-ketoglutarate + NAD + + CoA → succinyl CoA + CO 2 + NADH. The assay uses α-ketoglutarate to distinguish KGDHC produced NADH from NADH generated by other enzymes. Cell pellets were lysed with 250 μl of KGDHC lysis buffer, passed through a 1 ml syringe with a 27gange needle several times and KGDHC activities were assayed immediately as described previously [10] .
MDH activity assay
MDH catalyzes the following reaction: L-malate+ NAD + oxaloacetate + NADH.
The MDH activity was measured by an oxaloacetate-dependent NADH oxidation assay as described previously [13] with slight modifications. Briefly, cell pellets were lyzed in 250 μl of KGDHC lysis buffer [10] and passed through a 1 ml syringe with a 27 gauge needle several times. After incubation of the cell lysate at room temperature for 30 min, 20 μl of blank (lysis buffer), standards and samples were added to wells of a 96-well plate followed by addition of 140 μl of 100 mM potassium phosphate buffer (pH 7.2) and 20 μl of 20 mM oxaloacetic acid.
The reaction was initiated by adding 20 μl of 10 mM NADH to the mixture. The plate was read at an excitation wavelength of 340 nm and an emission wavelength of 460 nm (cutoff 455 nm) at 25°C for 25 min using a SPECTRAmax GEMINI XS fluorescence micro-plate reader (Molecular Devices). The rate of NADH oxidation was corrected with NADH standard curve and normalized to protein contents as determined by a Bio-Rad protein assay based on the Bradford dye-binding method (Bio-Rad) using BSA as standard.
Real-time PCR
Total RNA was isolated from cells treated with 
Total free cellular glutathione measurement
Cell pellets were deproteinized by the addition of 150 μl of 5% ice-cold metaphosphoric acid (v/v). The samples were vortexed, incubated at 4°C for 25 min and revortexed. Samples were then centrifuged at 10,000 g for 10 min (4°C) to separate supernatants from the pellets. The supernatants were carefully transferred to new 1.5 ml tubes without disturbing the pellets and stored at -20°C for glutathione measurement. The pellets were solubilized with 1 N NaOH and the protein concentrations were measured using a Bio-Rad protein assay based on the Bradford dye-binding method (Bio-Rad) using bovine serum albumin (BSA) as standard.
The supernatants containing free thiols were diluted 6 fold with 0.3 M assay buffer (100 mM NaH 2 PO 4 and 5 mM EDTA, pH 7.5). Total free glutathione was determined using a microplate method [51] based on the DTNB [5,5'-dithiobis-(2-nitrobenzoic acid)]/enzymatic recycling procedure [52, 53] . In brief, 50 μl of GSH standard or diluted sample extract was added to the wells of a 96-well plate followed by addition of 50 μl each of 1.26 mM DTNB and 2.5
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10 u/ml of glutathione reductase (Sigma). After incubation at room temperature for 15 min, the reaction was started by the addition of 50 μl of 0.6 mg/ml of NADPH to each well. After addition of NADPH, the plate was immediately read in a SPECTRAmax microplate reader (Molecular Devices). The rate of change in absorbance at 410 nm was monitored for 3 min at 16-sec intervals. All standard and samples were run in duplicate in adjacent wells. Values were calculated with a GSH standard curve and normalized with protein contents measured by a BioRad protein assay.
Results
Response of KGDHC and MDH activities to 1 hr of H 2 O 2
Whether H 2 O 2 induces diverse changes of the KGDHC and MDH activities and whether
E2k modulates these changes were tested in all three lines. 
Glutathionylation of KGDHC by GSSG
Glutathionylation of KGDHC is postulated from previous study [22] . Thus, whether purified KGDHC interacts with GSSG was tested by Western blotting. Western blot of E1k (red)
/glutathione (green) showed that treatment of KGDHC with increased concentration of GSSG induced glutathionylation of E1k ( Figure 3A ). Western blot of E2k (red)/glutathione (green)
showed that the immunoreactivity of glutathione increased with the increased concentration of GSSG ( Figure 3B ). GSSG decreased the immunoreactivity of E3 and increased and shifted the glutathionylated E3 in a dose dependent manner ( Figure 3C ). Figure 4) . Furthermore, the reduction of E2k had no effect on the total free cellular glutathione levels ( Figure 4 ). BSO did not alter either KGDHC or MDH activity in any line at any concentrations ( Figure 5 ).
Response of total free cellular glutathione levels to one hour of BSO, H 2 O 2 or H 2 O 2 /BSO
Response of KGDHC and MDH activities to one hour of BSO, H 2 O 2 or H 2 O 2 /BSO
Although no reduction in the total free cellular glutathione occurred at one hr treatment, H 2 O 2 diminished the KGDHC activity by 24 % in all lines ( Figure 1A and Figure 5A ). Moreover, one hr of H 2 O 2 increased MDH activity by 15% only in the E2k-23 line ( Figure 1B and Figure 5B ).
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Addition of BSO did not enhance the changes in the KGDHC or MDH activity induced by H 2 O 2 ( Figure 5 ).
Response of total free cellular glutathione levels to 24 hour of BSO, H 2 O 2 or H 2 O 2 /BSO
The total free cellular glutathione levels were measured in the three lines-E2k-100, E2k-46 and E2k-23 treated with BSO, H 2 O 2 or H 2 O 2 /BSO for 24 hr. Twenty-four hour treatment depleted the total free cellular glutathione level by 30% to 48% in all three lines ( Figure 6 ). The reductions in the total free cellular glutathione levels did not differ statistically among the three lines. Thus, the reduction in E2k did not alter BSO or H 2 O 2 -induced changes in the total free cellular glutathione.
Response of KGDHC and MDH activity to 24 hour of BSO, H 2 O 2 or H 2 O 2 /BSO
Although total free cellular glutathione declined significantly after 24 hr of exposure to 1 or 10 mM BSO, the activity of neither KGDHC ( Figure 7A ) nor MDH ( Figure 7B 
Discussion
Diverse changes in the KGDHC and MDH activities occur in AD brain [13] . The underlying mechanism of these changes in AD is unknown. Our data shows that a short exposure of cells to H 2 O 2 diminished KGDHC activity and increased MDH activity. While the decrease in another characteristic of cells from AD patient [14] . Thus, the data supports the possibility that multiple changes in AD maybe induced by specific oxidants.
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The H 2 O 2 -induced increase in MDH is at least partly due to alterations in transcription. Glutathione, a major free radical scavenger, is diminished in a number of neurodegenerative diseases [55, 56, 57] . Depletion of glutathione has been associated with inhibition of
14 mitochondrial complex I, II, III and IV activities in neuronal cells [58] , and is hypothesized to be an initial factor in oxidative stress-mediated neurodegeneration [59] . The oxidative stress that is associated with neurodegenerative diseases including AD may initiate an interaction of glutathione with metabolically important mitochondrial enzymes. For example, mitochondrial NADP + -dependent isocitrate dehydrogenase (IDPm) activity is inactivated through glutathionylation [60] . The activity of this enzyme is also diminished in brains from AD patients [13] . The present study on the interaction of purified KGDHC with GSSG demonstrated that glutathionylation can occur in all three subunits of KGDHC. This suggests that the stimulation of GSSG formation by oxidative stress may modulate KGDHC and modify its normal function.
To test the possible regulation of KGDHC by glutathionylation in cells, the level of free glutathione was manipulated by treating cells with either BSO or H 2 O 2 and the consequences on KGDHC and MDH activities were tested. Total free cellular glutathione was not diminished by one hour treatment with either BSO or H 2 O 2 . Nevertheless, the possible interaction of KGDHC with glutathione following H 2 O 2 cannot be excluded. Isolated KGDHC is inhibited only by high concentrations of H 2 O 2 (10 mM) [22] . Lower concentrations of H 2 O 2 do not affect the isolated enzyme or detergent-solubilized mitochondria, but do inhibit KGDHC in intact mitochondria [47] and in mammalian cells [23] . These data suggest that inactivation of KGDHC activity is not due to the direct interaction of peroxide with the enzyme, but is through redox-sensitive mechanism(s). Redox-regulated glutathionylation or deglutathionylation is one possible mechanism to account for the inactivation of KGDHC by H 2 O 2 [41] . H 2 O 2 , but not BSO, diminished KGDHC activity. H 2 O 2 causes accumulation of oxidized glutathione (GSSG) that can further form mixed disulfide with cellular protein thiols or intraprotein disulfides [61, 62, 63, 64] .
Formation of an intraprotein disulfide is more common when there are adjacent protein thiols
15 [65, 66] . The unique feature of E2k is its bound lipoic acid with adjacent sulfhydryl groups that is cycled between thiol and disulfide bond during catalysis. Thus, it is likely that initial glutathionylation of KGDHC occurs at the E2k subunit and is only transient as its adjacent thiol displaces the GS -to form an intraprotein disulfide (reaction 1, Figure 8 ) 
